 6  1 
tung oil, α -ESA has three conjugated double bonds (9 cis, 11 trans, 13 trans), and thus 1 0 0 is easily oxidized. Due to its excellent characteristics, tung oil has been widely used as 1 0 1 a drying ingredient in paints, varnishes, coating and finishes since ancient times [2] . Tung oil also can be used for synthesizing thermosetting polymers and resins with 1 0 3 superior properties [3, 4] , and has been proposed as a potential source of biodiesel As an oil crop, economic traits involved in fatty acid biosynthesis and oil 1 1 1 accumulation are the targets of improved breeding efficiency for tung tree. However, 1 1 2 identification of important genes, gene families and marker loci associated with oil 1 1 3 content, fatty acid composition, and fruit yield has been hampered due to a lack of 1 1 4 genetic and genomic information. Only a few functional genes, mainly involved in the 1 1 5
formation and regulation of fatty acids such as fatty acid desaturase (FAD2, FAD3, In the present study, we report the sequencing and assembly of V. fordii genome, The CEGMA prediction indicated that 87.9% complete elements and 95.97% 1 4 4 partial elements in tung tree genome could be hit for the 248 most conserved genes 1 4 5 (Table S12 ). The BUSCO analysis showed that 1,379 (95.7%) of BUSCO genes were 1 4 6 complete, of which 1338 (92.9%) and 41 (2.8%) were single-copy and duplicated, 1 4 7
respectively (Table S13 ). RNA-seq data showed that 90.36%, 96.83% of flower unigenes showed good alignments to the assembled tung tree genome with mapping 1 5 0 rate > 90%, respectively (Tables S14−S19). Furthermore, 88.3% to 95.6% of the reads 1 5 1 from the five samples could be mapped to our genome assembly (Table S20 ). The revealed by similar expression patterns in various tissues/organs (Figure 4 ; Table   3 1 6 S51). Among three purple acid phosphatase homologues, the Vf11G0977 displayed 3 1 7 neofunctionalization, i.e., functional diversification due to its expression in roots 3 1 8 compared to the other homologues ( Figure 4 ; Table S51 ). Disease resistance is one of the most important traits in tung tree breeding programs. The V. fordii is susceptible to wilt (Fusarium oxysporum), black spot (Mycsphaqrella resistance-related genes will be helpful for understanding plant resistance mechanisms. Identification and characterization of these genes on a genome-wide scale will 3 2 6 provide a basis for improvement of disease resistance in tung tree. Genes encoding 3 2 7
nucleotide-binding sites (NBSs) are the largest class of plant disease resistance genes. Based on whether they contain a Toll/interleukin-1 receptor (TIR) domain, NBS 3 2 9
resistance genes can be further categorized into two subclasses (TIR and non-TIR) 3 3 0 (File S5).
1
A total of 88 genes with an NBS domain were identified in tung tree, of which 28 3 3 2 (31.82%) were organized in tandem arrays (Table S52 ; Figure 5A ; Figure S25 ). The brasiliensis (483) ( Table S52 ). The 88 NBS-encoding genes were classified into four CC-NBS-LRR, and 42 NBS, however they did not form four independent classes in 3 3 8 the phylogenetic tree ( Figure 5A ). Intriguingly, all of the tung tree NBS-encoding 3 3 9
resistance genes do not belong to the TIR type (Table S52 ).
4 0
The NBS genes were distributed nonrandomly across all 11 chromosomes ( Figure   3 4 1 S24). More than 85% NBS genes were clustered in groups, and clusters were most 3 4 2 abundant on chromosomes 2, 9, and 3 ( Figure S24 that the 88 tung tree NBS genes displayed differential expression patterns in roots ). These results suggest that these genes may help the tree resist the pathogen 3 5 1 shortly after infection. Tung oil is the most important product from tung tree. Tung oil biosynthesis starting 3 5 5 from acetyl-CoA involves 18 enzymatic steps with multiple isozymes in each step ( Figure 6A) . The oil is packed in subcellular structures called oil bodies or lipid 3 5 7 droplets ( Figure 6B ; File S6). Tung seed oil droplets formed following the pattern of observed in 10 weeks after flowering (WAF) seeds and small oil droplets were 3 6 0 observed in 15 WAF seeds. The number and sizes of oil droplets were dramatically 3 6 1 increased in more mature seeds (20, 25, and 30 WAF).
6 2
Tung oil biosynthesis in the seeds started in mid-June (10 WAF), increased rapidly 3 6 3 until 25 WAF with the oil content of 55.42% ( Figure 6C ), and ended by 30 WAF. and α -ESA (α-C18:3Δ9,11,13) showed opposite patterns in the developing tung seeds 3 6 8
( Figure 6C ) because linoleic acid is the same substrate for synthesizing α -ESA and We annotated 22,419 genes in the tung tree genome and identified 651 genes related to oil biosynthesis (Table S53 ). Among them, 88 genes were predicted more 3 7 8 directly involved in oil biosynthesis ( Figure 6A ; File S7; Table S54 ). This study 3 7 9
provided far more tung oil-related genes than those deposited in the GenBank 3 8 0 databases (29 genes). These genes belonged to 18 families whose expression profiles 3 8 1 were described in Figure 6A . The number of tung oil-related genes (88) (Table S54 ).
8 5
Several key genes important in oil biosynthesis have been studied extensively, ( Figure 6A ). The current study indentified one additional DGAT3 and two additional 3 8 8
FADs besides those reported previously. We also reported for the first time that tung 3 8 9 tree genome had six phospholipid:diacylglycerol acyltransferase genes (PDAT) 3 9 0 ( Figure 6A ). ACCase and phosphoenolpyruvate carboxykinase (PEPC) are probably the key 3 9 2 enzymes determining the metabolic pathways towards oil or protein biosynthesis in 3 9 3 the seeds ( Figure 6A) [25]. We identified nine ACCase genes in tung tree genome 3 9 4
with high expression levels in the mid-late developing stages of tung seeds ( Figure   3 9 5 6A). There are 10 ACCase genes in soybean, and 6-7 genes in other species (Table   3 9 6 S54). We also identified three PEPC genes in tung tree genome which were expressed 3 9 7 in the early developing stages of tung seeds ( Figure 6A ; Table S54 ). There are 16 3 9 8
PEPC genes in soybean and more PEPC genes in other species than tung tree.
3 9 9
Comparison of soybean whose seed has high protein content (~ 40%) and low oil linolenic acid desaturation, respectively. We identified one FAD2, two FAD3 and two 4 0 7
FADx genes in tung tree (Table S54 ). FAD2 and FADx-1 were highly expressed in 4 0 8
mid-late stages of developing seeds; whereas FAD3 was expressed higher in early 4 0 9
stages of seeds ( Figure 6A ). FADx, a divergent FAD2, converts linoleic acid to α -ESA, FADx and FAD2 is still uncertain. According to the newly generated phylogenetic tree 4 1 2 in this study (Figure 7) , we found FAD2/x clade could be divided into two clades revealed that FAD2s and FADxs were likely to be generated by WGDs event (Table   4 1 7 S56), which corresponded to the γ WGD event shared by core eudicots. Notably, the 4 1 8
FADx clade lost many genes in species like the members of Brassicaceae. ( Figure 6A ; Table S55 ). DGAT2 was confirmed to be the most abundantly expressed tissues including stem, root, leaf and female flower ( Figure 6A ; Table S55 ).
2 8
Recently, it has become obvious that TAG synthesis also can be catalyzed by PDAT. We reported for the first time that there were five PDATs in tung tree genome. PDAT1-1 and 1-4 were expressed more in mid-late stages of developing seeds but the 4 3 1 other three PDAT genes were expressed more in the early stages of developing seeds 4 3 2 ( Figure 6A ).
3 3
OLEs are the major proteins in plant oil bodies. Genome-wide phylogenetic 4 3 4
analysis and multiple sequence alignment demonstrated that the five tung OLE genes 4 3 5
represented the five OLE subfamilies and all contained the "proline knot" motif 4 3 6 (PX5SPX3P) shared among 65 OLE from 19 tree species [26] . We confirmed the five 4 3 7 tung tree OLE genes coding for small hydrophobic proteins. These five OLEs were 4 3 8
highly expressed in mid-late stage of developing tung seeds ( Figure 6A ; Table S55 ). phosphatases (PPs) genes were identified in tung tree genome whose expression 4 4 5 levels of some genes were higher in early stage rather than late stages of developing 4 4 6 seeds and verse visa ( Figure 6A ; Table S55 ).
7
To explore possible synergistic effects among genes in oil accumulation, we and genes related to TAG assembly like GPDH, LPAT, etc (Figure 8) . A number of 4 5 9
transcription factors were also identified in the two modules and co-expression (FUS3, ABI3, LEC1-1 and LEC1-2) to conduct yeast two-hybrid assay (File S9) and 4 6 5
observed that FUS3 and LEC1-2 were interacted ( Figure S33 ). The gene years. Presently its oil has a great potential for producing environmentally-friendly hampered by low yield. Our genome sequencing effort will facilitate the breeding of 4 8 0 elite cultivars with yield-related traits including fruit setting rate and seed oil content. shared an ancient WGD event. Interestingly, rubber tree and cassava have more genes 4 9 1 than the other three species (Figure 2A ). The recent WGD event could cause 4 9 2 chromosomal rearrangements, fissions or fusions and is one of the reasons resulting in 4 9 3 expansion of gene families [18] , which may contribute to more gene expansions in 4 9 4
rubber tree and cassava than those in tung tree, physic nut and castor bean. The Tung tree had a larger genome size than physic nut and castor bean. In most 4 9 8
cases, genome expansions are caused by repeated sequence insertion, like those 4 9 9 occurred in tea tree, rubber tree, and Ginkgo (G. biloba) [32] . Similar to the three 5 0 0 species, Ty3/Gypsy families contributed the most to the tung tree genome expansion. genome size expansion. This is also consistent with the findings in tea tree and P. 5 0 5
abies [33] . We also found that different LTR retrotransposon families were 5 0 6
differentially expressed in various tissues, confirming the retrotransposon activity in 5 0 7
the tung tree genome. The eFP Browser has proved to be a useful tool to display gene 5 0 8 expression levels visually in several plant species including A. thaliana, P. investigate the evolution of disease resistance genes. CC is the functional domain of 5 2 2 many proteins and CC structure plays an important role in protein-protein interaction 5 2 3
[39]. LRR is the signal region in transmembrane domain and loss of it can result in 5 2 4 loss of function [40] . In this study, the highest proportion of CC-NBS-LRR genes (4/7, 5 2 5 57.14%) responded to F. oxysporum infection at early stage, suggesting that CC and 5 2 6
LRR domains play more important roles than other domains.
2 7
Tung tree is a high-efficient photosynthetic tree with strong photosynthesis rate.
2 8
Sucrose, the major photosynthesis product, is synthesized in the chloroplast and 5 2 9
exported to the sink tissues such as seeds for seed development and metabolite PEPC to produce oxaloacetic acid, which is subsequently used for protein synthesis. Therefore, ACCase and PEPC are probably the keys enzymes determining the 5 3 7 metabolic pathway towards oil or protein biosynthesis in the seeds [25] . We identified 5 3 8
nine ACCase genes in tung tree genome with high expression levels in the mid-late biosynthesis. There are 10 ACCase genes in soybean, and 6-7 genes in other species.
4 1
We also identified three PEPC genes in tung tree genome with high expression levels biosynthesis and resulted in high oil/low protein content in tung seeds.
4 7
Tung oil is the major economically important product from tung tree.
4 8
Identification and characterization of all genes involved in tung oil biosynthesis is 5 4 9 essential for improving tung oil production and economic value. Many tung oil 5 5 0
biosynthetic genes have been identified in our laboratories, including those coding for gene, FADx-2, which was probably generated by gene duplication and 5 5 8
sub-functionalization based on the different expression patterns of FADx-1 and 5 5 9
FADx-2 genes. In comparison with FADx-2, FADx-1 was the dominant form 5 6 0 responsible for α -ESA synthesis in developing seeds of tung tree. We also identified 9 PPs genes in the tung tree genome. This study provided a more complete picture for are within the range of other species. These suggest that there is no gene expansion in 5 6 5 tung tree and the amount and types of oils in various species may not be directly
related to the number of genes in oil biosynthesis.
6 7
Transcriptomic analysis evaluated the expression profiles of all these genes. Our were well-coordinated with oil biosynthesis and accumulation in tung tree seeds.
Specifically, DGAT2 was shown to be the most abundantly expressed DGAT in tung expressed more in mid-late stages of developing seeds but the other three PDAT genes 5 8 0
were expressed more in the early stages of developing seeds, which were not reported 5 8 1 previously. Our gene co-expression analysis revealed that oil biosynthesis-related 5 8 2 genes were enriched in two significant modules only at 20 WAF when the seed oil The complete gene co-expression networks provide insights into oil biosynthesis by 5 8 6
gene-gene synergistic function.
8 7
In conclusion, this study provides whole-genome sequence information, eFP The self-bred progeny 'VF1-12' of the elite V. fordii cv. Putaotong was used for whole 5 9 6 genome sequencing in this study (File S1). Young leaves were collected from 'VF1-12' 5 9 7
in the spring for genome sequencing. Young plantlets were used for Hi-C library for RNA-seq. The developing seeds were also used for oil content measurement and 6 0 1 fatty acid analysis. The tung tree genome size was estimated by a modified Lander-Waterman algorithm sequencing platform (Illumina, CA, USA) (File S10). In addition, RSII. After removing low-quality reads, the whole genome assembly of tung tree was 6 1 2 performed with a hierarchical assembly strategy due to its homozygous genome with 6 1 3 highly repetitive sequences (File S11). The genome completeness was assessed by Hi-C data preparation and contig clustering 6 1 8
The Hi-C library was prepared with the standard procedure described [53] . Raw Hi-C 6 1 9
data were generated using HiSeq2500 sequencing platform and then were processed products. Finally the scaffolds were clustered, ordered and orientated onto Gene prediction was conducted using de novo prediction, homology information and 6 3 0
RNA-seq data (File S12). Gene functions were assigned according to the best match [55] Zdobnov EM, Apweiler R. InterProScan--an integration platform for the The features from outside to inside are pseudochromosomes (a), gene density (0−1) after divergence from the common ancestor. Bootstrap value for each node is 100. B. File S10 Whole-genome shotgun sequencing 9 7 6
Figure legends
File S11 Genome assembly and assessment 9 7 7
File S12 Gene prediction and functional annotation 9 7 8
File S13 Evolutionary analysis (0) High (1) 23.08 (11.36-38.54) 100. 81 (80.02-112.61) 71.48 (50.86-89.60) 51.10 (34.27-67.73) 45.11 (29.33-60.61 
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